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Abstract: For a high energy electron facility, the estimates of induced radioactivity in materials are of major
importance to keep exposure to personnel and to the environment as low as reasonably achievable. In addition, an
accurate prediction of induced radioactivity is also essential for the design, operation and decommissioning of a high
energy electron linear accelerator. The research of induced radioactivity focuses on the photonuclear reaction, whose
giant resonance response in the copper is ranging from 10 MeV to 28 MeV. The 200 MeV electron linac of NSRL is
one of the earliest high-energy electron linear accelerators in P. R. China. The electrons are accelerated to 200 MeV
by five acceleration tubes and collimated by the scrapers made of copper. The energy of five acceleration tubes is
32, 74, 116, 158 and 200 MeV respectively. At present, it is the first retired high-energy electron linear accelerator in
domestic. Its decommissioning provides an efficient way for the induced radioactivity research of such accelerators,
and is a matter of great significance to the accumulation of the induced radioactivity experience. When the copper
target is impacted by an 158 MeV electron beam, the number of photons generated whose energy are in the range
of giant resonance response is the largest. Thus, this paper focuses on the induced radioactivity for a copper target
impacted by the 158 MeV electron beam. The slicing method is applied in the research. The specific activity of
each slice was measured at cooling times of ten months and the results were compared with the prediction from the
Monte-Carlo program FLUKA. The simulation results are in good agreement with the measurement results. The
method by Monte Carlo simulation in this paper gives a reasonable prediction of the induced radioactivity problem
for the high-energy electron linear accelerators, laying a foundation for the accumulation of the induced radioactivity
experience.
Key words: NSRL Linac, decommissioning, induced radioactivity, scraper, 158 MeV electron beam, 60Co, HPGe
spectrometer, FLUKA
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1 Introduction
The Synchrotron Radiation Facility of National Syn-
chrotron Radiation Laboratory (NRSL), located in Hefei,
China, is one of the earliest synchrotron light sources in
China. NRSL is the home to a 200-MeV electron linear
accelerator with a length of 35 m as the injector and an
800-MeV electronic storage ring[1]. Constructed in 1989,
the 200-MeV electron linac is a traveling wave linear ac-
celerator, consisting of five acceleration tubes (in which
the electrons are accelerated to 32, 74, 116, 158 and 200
MeV, respectively).
The NSRL Linac was retired in 2012 due to a plan
to upgrade. The induced radioactivity along with its
decommissioning is one of the major concerns[2]. When
accelerated electrons are lost during machine operations,
such high-energy electrons will cause electromagnetic
cascades while colliding with materials. The resulting
high-energy bremsstrahlung will induce photonuclear re-
actions. Photon activation usually dominates the acti-
vation process that occurs in electron accelerators. Fur-
thermore, secondary neutrons produced through photo-
nuclear reactions may contribute to the activation to a
certain extent.
Induced radioactivity for other types of accelerators
has been investigated and was found to contain high lev-
els. Wu et al. (2011)[3] discussed the induced radioac-
tivity of China Spallation Neutron Source. Adopting the
FLUKA code, the authors calculated air activation and
analyzed various issues with regard to the activation of
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different tunnel parts. The results show that the residual
radiation in the tunnels has a great influence on mainte-
nance personnel. Bi et al. (2009)[4] studied the prompt
radiation and residual radiation field for CYCIAE-100
using Monte Carlo method. Meanwhile, the radioactive
contamination near stripping foil was researched and a
method to reduce the dose equivalent rate of mainte-
nance staff was also given. Wang et al. (2007)[5] evalu-
ated the residual radioactivity induced in shielding con-
crete of accelerator facilities using Monte Carlo method
EGS4 code and NaI survey meter. Li et al. (1991)[6]
analyzed and discussed the data and spectrum acquired
from the induced radiation field in NSRL 200 MeV linac
tunnel.
Residual radioactivity can lead to three radiation
safety concerns: personnel exposure, environmental im-
pact, and waste disposal[7]. In a well-shielded accelerator
facility, a great portion of the personnel dose arises from
exposure to radiation of activated components during
maintenance work. Meanwhile, possible environmental
release of gaseous and liquid radionuclides is a sensitive
issue. Furthermore, the disposal of activated materials
and the decommissioning of accelerators need to be care-
fully evaluated.
Induced radioactivity may be created in various accel-
erator components and accelerator’s surroundings when
irradiated directly by the primary beam or secondary ra-
diation fields. For the NSRL Linac, the scraper, which
is made of copper and used for beam collimation, is lo-
cated after each acceleration tube, and the length of the
scraper increases with the energy of the electrons. The
scraper aperture has a diameter of 1cm, which is smaller
than that of the acceleration tube which has a diame-
ter of[8]. Therefore, it is reasonable that the electrons
mainly loss at the scraper due to the energy dispersion
when being transported and accelerated. Based on this
reason, the induced radioactivity is mainly produced at
the scraper, and the handling of the structural materials
after the linac has been retired will become easier. That
is to say the handling of the scrapers is the focus of the
decommissioning. Furthermore, this hypothesis has been
proved by the measurements. The accelerator structures
besides the scrapers have been measured, and the mea-
surements showed that the residual radioactivity in the
structures is negligible compared with the scrapers.
All the radioactivity of the scraper in this study orig-
inates from electromagnetic cascades and subsequent nu-
clear reactions. For a 200 MeV electron linear acceler-
ator, the main nuclear reactions are introduced by the
photons, such as (,n), (,2n), (,np), (,n2p) and so on[9].
The cross section of (,n) is the biggest, and the ones of
(,2n) and (,np) are followed, finally (,n2p) has the least
cross section. For the copper materials, the giant reso-
nance region of the photonuclear reaction is about 10-28
MeV.
2 Materials and methods
2.1 Introduction to the scraper
For the NSRL Linac, the electrons are accelerated up
to the expected energy in each acceleration tube and col-
limated by the scraper followed each acceleration tube.
The radius of the scraper is 4.8cm, and the pore diameter
is 1cm. While the pore size of disk-loaded waveguide is
2.1977cm. The scraper aperture is smaller than the ac-
celeration tube one, so some electrons will impact on the
structure materials due to the energy dispersion when
they pass through them.
The electrons are accelerated to 158 MeV in the
fourth acceleration tube, and are then collimated in the
fourth scraper. The fourth scraper is an annular copper
cylinder (9.6cm diameter9.0cm height3.8cm wall thick-
ness). The actual structure is shown in Fig. 1.
Fig. 1. Structure of the fourth scraper (T2 copper).
2.2 Measurement of radionuclides
To study the induced radioactivity of the fourth
scraper, its energy spectrum has been measured many
times when the accelerator was shut down. The measur-
ing system is a portable HPGe spectrometer (GR3519
with a relative efficiency of 35% and an energy resolution
of 1.9 keV).
2.3 Specific activity measurement of 60Co in
sliced coppers
The radionuclide in the fourth scraper mostly is 60Co
after the machine shutdown for about ten months. To ac-
quire a formula that describes the relationship between
the depth and the specific activity of 60Co, the slicing
method is applied in the research. The actual number of
slice is at the bottom of the scraper. The thicknesses of
the first and eighth sheet are both 1.5cm, and the oth-
ers are 1cm. The photo of the sliced copper is shown
in Fig. 2. The energy spectra of eight sliced coppers
have been measured by a P-type HPGe spectrometer
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(GC4019 with a relative efficiency of 40% and an energy
resolution of 1.9 keV).
Fig. 2. Photo of sliced coppers.
2.4 Simulation of the yield of photon and 60Co
in sliced coppers
The research has shown that the photonuclear reac-
tion which produces 60Co is 63Cu(,n2p)60Co, and the
threshold of the reaction is 18.86 MeV[5]. The energy
range of its giant resonance response hasn’t been found
in the existing literature; hence the energy upper limit
(about 28 MeV) of giant resonance photonuclear reaction
in the copper[5] is regarded as its upper threshold. The
photon yield within energy from 18.86 to 28 MeV in av-
erage volume of each sliced copper is recorded, when the
electron beam with 158 MeV impacts on a copper target
in the simulation. Furthermore, the yield of 60Co is sim-
ulated by Monte Carlo program FLUKA[10]. FLUKA
is now capable of giving estimates of the number and
types of radionuclides created by photonuclear reactions
at high-energy electron linear accelerator.
The initial conditions for the simulations are as fol-
lows. The electron energy is 158 MeV, and the beam is
annular (1.6cm diameter0.3cm wall thickness). The cop-
per target is an annular cylinder (9.6cm diameter9.0cm
height3.8cm wall thickness). The photon yield within
threshold and the yield of 60Co in eight sliced coppers
are recorded. The simplified model is shown in Fig. 3.
Fig. 3. Simplified model of the fourth scraper.
3 Results and discussion
The measured radionuclides are: 57Ni, 52Mn, 51Cr,
58Co, 56Co, 57Co, 54Mn, 22Na and 60Co. The details
related to the radionuclides are seen in another article
Induced radioactivity research for scraper[11].
The specific activity of 60Co in eight sliced coppers
is shown in Fig. 4. The specific activity of 60Co in the
second is the greatest. By the research and measure-
ment, one can see that the radionuclide emitting rays
with the longest half-life is 60Co in the scraper. In or-
der to study the relationship between the yield of 60Co
and the depth, related simulations are performed. The
simulation result of photon yield is shown in Fig. 5. The
cross section data of the reaction has not been found in
the related literature and web site. Yet according to the
related cross section data of the photonuclear reaction
in copper, it can be inferred that its cross section data
is quite small. For the same material and reaction, the
content of 63Cu and the reaction cross section data are
the same, so the yield of 60Co can be estimated according
to the photon yield within the threshold. The simulation
result indicates that the photon yield in the second piece
is the most, which can reflect that the yield of 60Co is
the most in the second to a certain extent. Furthermore,
the simulation of the 60Co yield in eight sliced coppers
is performed, and the result is shown in Fig. 6. The pre-
diction shows that the data in the second sliced copper
is the highest, which agrees well with Fig. 5. The result
indicates that the estimated method of 60Co yield ac-
cording to the photon yield within threshold is feasible
and very efficient.
Fig. 4. Specific activity of 60Co in each sliced copper.
Fig. 5. Photon yield within threshold in each piece.
010201-3
Submitted to ’Chinese Physics C’
Fig. 6. Yield of 60Co in each sliced copper.
It can be seen that the number of photons in the sec-
ond sliced copper within threshold is the most, showing
good agreement with the measurement result. The fac-
tors affecting the 60Co yield are: the content of 63Cu,
the cross section and the photon yield within the thresh-
old. For the same material, the content of 63Cu is the
same; and for the same reaction, the data of cross sec-
tion is the same. Based on the two reasons, the amount
of 60Co generated mainly depends on the photon yield
within threshold. Therefore, the data in Fig. 5 can re-
flect the yield of 60Co in each sliced coppers to a certain
extent. Meanwhile, the 60Co yield is predicted using the
FLUKA simulation. The simulation results about the
relationship between the yield of 60Co and the depth are
consistent with the measurement results.
4 Conclusions
For an electron linear accelerator, the scraper is
mainly used for collimating the beam from the physical
viewpoint. Considering the radiation protection point of
view, the decommissioning of the machine and the dis-
mantling of the structural material become feasible and
convenient because the presence of the scraper.
In this work, radionuclides generated in a copper tar-
get (impacted by a 158 MeV electron beam) mainly con-
clude 57Ni, 52Mn, 51Cr, 58Co, 56Co, 57Co, 54Mn, 22Na and
60Co, etc. It has shown that the radionuclide emitting
rays with the longest half-life is 60Co. The photonuclear
reaction generated 60Co is 63Cu (,n2p)60Co, the threshold
of which is 18.86-28 MeV. The slicing method is applied
to obtain the depth profiling of 60Co in the scraper. The
measurement indicates that the specific activity of 60Co
in the second sliced copper is the most.
In order to obtain the yield trend of 60Co with
the depth, some simulations have been performed using
FLUKA. It can be found that the photon yield within
threshold in the second has the maximum value in the
simulation. Besides, the simulation result shows that the
yield of 60Co in the second sliced copper is the most. The
influential factors of the 60Co yield include the content of
63Cu, the cross section and the photon yield. The yield
of 60Co only depends on the photon yield within thresh-
old when the first two factors are the same. That is to
say, the 60Co emission can be predicted by simulating the
photon yield. Moreover, the simulation results about the
relationship between the yield of 60Co and the depth are
consistent with the measurements.
Monte Carlo simulation in this paper gives a reason-
able prediction of the 60Co yield trend with the depth
in the scraper. Furthermore, the slicing method is use-
ful and efficient in the depth profiling of radionuclide,
laying a foundation for the accumulation of the induced
radioactivity experience in the electron accelerators.
The authors would like to thank X. George Xu for his
assistance in the process of article revision.
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